Recent measurements of an unusual high thermal conductivity of around 1000 W m -1 K -1 at room temperature in cubic boron arsenide (BAs) confirm predictions from theory and suggest potential applications of this semiconductor compound for thermal management applications. Knowledge of the thermal expansion coefficient and specific heat of a material contributes both to the fundamental understanding of its lattice anharmonicity and to assessing its utility as a thermal-management material. 
Introduction
Owing to the shrinking size and increasing density of transistors, heat dissipation has become a critical challenge for microelectronic devices [1] . Inefficient heat removal from localized hot spots in semiconductor devices compromises device performance and accelerates electromigration and thermomechanical failures [2, 3] . One approach to addressing this challenge is to identify new semiconducting materials with a much higher thermal conductivity (κ) than existing values in current semiconductor devices. The highest known room-temperature κ values, around 2000 W m -1 K -1 , have been found in diamond and graphite [4] [5] [6] . However, diamond is an electrical insulator, and graphite is a semi-metal. In addition, the κ of graphite is highly anisotropic with a low cross-plane thermal conductivity of only about 10 W m -1 K -1 [5] . Meanwhile, high-quality diamond is expensive and has not been synthesized on a large scale. An additional key problem with diamond is the considerable mismatch between its thermal expansion coefficient (α) and the larger α values of common semiconductors such as silicon (Si) and gallium arsenide (GaAs). This mismatch can lead to thermally induced failure of the bonding between a semiconductor device and a diamond heat spreading layer.
First-principles calculations have predicted that cubic boron arsenide (BAs) could have a high κ comparable to that of diamond and graphite [7, 8] . The theory has motivated experimental efforts to synthesize and measure thermal transport in BAs crystals [9] [10] [11] [12] . Although the presence of impurities [13] and defects [14] has been shown to reduce the κ of the BAs crystals, high κ values of around 1000 W m -1 K -1 at room temperature have recently been measured in BAs crystals grown using a chemical vapour transport (CVT) method [15] [16] [17] . In addition, the measured κ exhibits strong temperature dependence that reveals an unusually important role of four-phonon scattering in the thermal transport of BAs [15] .
Along with the thermal conductivity, the thermal expansion coefficient and specific heat (C p ) are two other important properties that contribute to fundamental understanding of the lattice anharmonicity and help assess the utility of a material in thermal-management applications. [20] [21] [22] . Because the Grüneisen parameter characterizes the lattice anharmonicity, it is necessary to investigate this important fundamental property further via both experiments and rigorous theoretical calculations.
Here we report both experimental and theoretical studies of thermal expansion coefficients, specific heat, and the Grüneisen parameter of BAs. The linear thermal expansion coefficient from 300 K to 773 K is determined by high-temperature X-ray diffraction (XRD) measurements. The room temperature α l is found to be 4.2 0.4ⅹ10 -6 K -1 at 300 K and to increase with increasing temperature.
We find good agreement between our measured data and our first-principles calculations over the full temperature range considered. The α values of BAs makes the compound a much better match to silicon and other III-V semiconductor compounds than diamond, and gives insight into the phonon and anharmonic properties of BAs. Together with the separately measured bulk modulus, the measured thermal expansion coefficient and specific data are used to obtain the Gruneisen parameter as 0.84 0.09 at room temperature, in very good agreement with our first principles calculation result of 0.82 and much smaller than two prior calculation results [20, 21] .
Experimental and Theoretical Methods
The single crystals of BAs were grown by a CVT method in a sealed quartz tube [15] . The XRD patterns of BAs at different temperatures were acquired using a Scintag X1 Theta-Theta Diffractometer with a Cu Kα radiation source (λ = 1.54184 Å). For the XRD study, several BAs crystals were ground into powder. The C p of BAs was measured using a Physical Properties Measurement System (Quantum Design).
In order to provide theoretical values for comparison with the measurement results, we have performed first-principles calculations of the thermal expansion coefficient of BAs, which can be defined in the quasi-harmonic approximation as [23] 
( 1) where B T is the bulk modulus of BAs, the sum is over phonon modes λ , and λ C and λ γ are, respectively, the mode specific heat and mode Grüneisen parameter. Here we calculate λ γ as: 
are the third-order anharmonic interatomic force constants (IFCs). The details of their calculation and those of the phonon frequencies are similar to those described in Ref. 19 . Calculations were performed within the framework of density functional theory with norm-conserving pseudopotentials in the local density approximation (LDA).
Results and Discussion
BAs exhibits a cubic zinc blende crystal structure with a space group of 4 3 , as shown in Figure   1 (a). Figure 1(b) shows a photo of a typical BAs crystal grown by the CVT method [15] . Similar to some other BAs crystals, the sample exhibits a semitransparent reddish colour and plate-like shape with a lateral dimension on the order of 2-3 millimeters that are adequate for this study while that larger crystals have also been grown. K, which is consistent with the value of 700 K obtained from the first-principles calculation [7] . In addition, the obtained b is about 5.6ⅹ10
-5 J mol -1 K -2 , which is due to the semiconducting nature of BAs.
The specific heat at constant pressure (C p ) and constant volume (C v ) of BAs are calculated by the first-principles method. The calculated values agree well with the experimental data and approaches the Dulong-Petit limit at high temperature, as shown in Fig. 2 . It should be noted that the C p value is significantly higher than C v above 400 K as a result of thermal expansion. 
. Figure 3 shows the obtained XRD patterns of BAs in air for temperatures between 300 K to 773 K.
We found that the BAs sample is stable up to 773 K since no phase change was observed. The observation is consistent with a previous study, in which cubic BAs was reported to be stable up to 1193 K [24] . It should be noted that the XRD intensity of BAs is reduced with increasing temperature, which could be due to the enhanced lattice vibrations [25] . The lattice parameter a of BAs is calculated according to Bragg's law [26] ,
where n is the order of diffraction; λ is the X-ray wavelength; d is the inter-plane distance; θ is the previous reports [9, 11, 27] . The a value increases monotonically with temperature. The temperature dependence of a can be fitted by a second-order polynomial as [28] a(T)=a 0 +a 1 T+a 2 T 2 , GaAs [29] , AlAs [30] , BP [31] , c-BN [32] , silicon [33] , and diamond [34] .
According to the definition of the linear thermal expansion coefficient α l ,
, we obtain the temperature dependence of the thermal expansion coefficient as,
Due to the second-order polynomial fitting, the obtained α l of BAs increases linearly with temperature from 4.2 0.4ⅹ10 -6 K -1 at 300 K to 6.7 0.7ⅹ10 -6 K -1 at 773 K. The volume thermal expansion coefficient (α v ) of cubic BAs can be approximated as α v = 3α l , which gives about 1.26ⅹ10
In comparison, the present first-principles calculation obtains α l = 4.0 ⅹ 10 -6 K -1 at 300 K, considerably larger than the value of α l = 3.04ⅹ10 being performed for a rock salt rather than a zinc blende structure. It is worth noting that a similar room-temperature α l value of 4.1ⅹ10 -6 K -1 was obtained from a MD calculation using empirical potentials [18] . As shown in Figure 4 (b), the BAs α curve from the present first principles calculation is in excellent agreement with the measured data for temperatures below about 600 K, beyond which the measurement data becomes slightly higher than the calculated curve. The small discrepancy at high temperatures may be due to either higher-order anharmonic effects that are not captured with the theoretical approach used here, or the second-order polynomial fitting of the measured lattice parameter data. devices. In this figure, the α l values of both BAs and BP [31] lie between those of Si [33] and AlAs [30] or GaAs [29] , while those of diamond [34] and cubic-phase BN [32] both lie well below the α l values of these commonly used semiconductors. Specifically, BAs shows a ~50% higher and ~40% lower α l value at room temperature than Si and GaAs, respectively. In comparison, the thermal expansion coefficient of diamond is almost three times smaller than that of Si and almost seven times smaller than that of GaAs.
The measurement results allow us to determine the Grüneisen parameter (γ) of BAs. The macroscopic formulation of γ is given by [39] 
where ρ is the density of the sample. With the measured specific heat in the unit of J g -1 K -1 and α v in this work as well as the B T obtained from a separate measurement [38] , the γ of BAs is calculated to be 0.84 0.09 at 300 K. It should be noted that the measured C p is used in the calculation as the calculated difference between C p and C v is small at 300 K. Using the calculated value of l α from Eq. (1) along with the calculated C v and B T gives a γ value of 0.82, in excellent agreement with the value obtained from the measured data. In comparison, a recent density-functional perturbation theory simulation has obtained the Grüneisen parameter of about 1 for the phonon mode at about 700 cm -1 [22] . It should be noted that the obtained γ of BAs in this work from both measured data and first-principles calculations is less than half of the value calculated by a first-principles approach that extracts specific heat and Grüneisen parameters employing a Debye approximation and without explicitly calculating the per mode contributions [20] , and about half that obtained using a shell model [21] , as shown in Figure 5 .
This highlights the importance of performing fully first principles calculations to determine thermal properties of materials. 
Conclusions
In summary, we have investigated the specific heat, thermal expansion coefficient and Grüneisen parameter of BAs both experimentally and theoretically. The measured thermal expansion coefficient value is higher than the previous first-principles calculation results that used short-ranged anharmonic force constants [19] . It is found that extension up to fifth-nearest neighbour is necessary for the first-principles calculation to obtain results in agreement with the measurements. With this extension, the calculated room-temperature linear thermal expansion coefficient, 4.0ⅹ10 -6 K -1 , is close to the corresponding measured value, 4.2 0.4ⅹ10 -6 K -1
, and the difference between the calculation result and measurement is within the measurement uncertainty over the temperature range between 300 K and mismatch to common semiconductors as compared to diamond and cubic boron nitride. This reduced mismatch is a desirable attribute for the integration of BAs in existing silicon and other III-V semiconductor device architectures. Together with the separately measured bulk modulus [38] , the specific heat and thermal expansion coefficient measured here allows us to determine a room-temperature value of 0.84 0.09 for the Grüneisen parameter, which is in excellent agreement with the corresponding value of 0.82 calculated from first principles and much smaller than previous theoretical results. These findings give fundamental insight into the thermal properties of BAs and confirm it as a technologically promising material for thermal management applications.
